Transcription factors are managers of the cellular factory, and key components to many 1 diseases. Many non-coding single nucleotide polymorphisms affect transcription factors, either 2 by directly altering the protein or its functional activity at individual binding sites. Here we first 3 briefly summarize high throughput approaches to studying transcription factor activity. We then 4 demonstrate, using published chromatin accessibility data (specifically ATAC-seq), that the genome 5 wide profile of TF recognition motifs relative to regions of open chromatin can determine the key 6 transcription factor altered by a perturbation. Our method of determining which TF are altered by a 7 perturbation is simple, quick to implement and can be used when biological samples are limited. In 8 the future, we envision this method could be applied to determining which TFs show altered activity 9 in response to a wide variety of drugs and diseases. 10
The motif displacement distribution as heatmap (increasingly dark blue indicates more instances of motif), MD-score and the number of motifs within 1.5kb of an ATAC-seq peak before and after stimulation with Nutlin-3a (e.g. Nutlin)[61] for TP53, the transcription factor known to be activated. Bottom: For all motif models (each dot), the change in MD-score following perturbation (y-axis) relative to the number of motifs within 1.5kb of any ATAC-seq peak center (x-axis). Red/maroon points indicate significantly increased MD-scores (p-value < 10 −5 , < 10 −4 , respectively). Interestingly, Nutlin-3a has also been analyzed using nascent transcription data albeit in a different Figure 1B ). Unfortunately, a direct comparison of individual genomic 120 loci between the two data sets is not feasible because they used different cell lines and drug exposure 121 times. However, a couple of interesting observations concerning the overall MD-score trends are 122 none-the-less noteworthy. First, the co-localization of the TP53 motif with ATAC-peak midpoints is 123 far less striking than the co-localization of motifs with the eRNA origins (observed in the heatmap 124 histograms). This observation, combined with the relative lower magnitude of ∆MD-scores (y-axis) 125 suggests that the eRNA origin (obtained in nascent transcription) is a far more precise method of 126 localizing and detecting changes in TF activity. Second, despite this lack of precision, ATAC-seq 127 correctly identifies TP53 as the most dramatically altered MD-score whereas the best scoring motif with 128 nascent transcription is TP63. Why this discrepancy exists is unclear, but given the relative similarity 129 of these two motifs it may simply be coincidental. , MD-score and the number of motifs within 1.5kb of an ATAC-seq peak in control and NFIB-induced H524 cells with doxycycline, for the upregulated TF NFIA. Bottom: For all motif models (each dot), the change in MD-score following perturbation (y-axis) relative to the number of motifs within 1.5kb of any ATAC-seq peak center (x-axis). Red/maroon points indicate significantly increased MD-scores (p-value < 10-5, < 10-4, respectively). (b) Equivalent analysis performed on NJH29 cells, displaying a motif displacement distribution of the NFIC TF upregulation. We note that in the doxycycline-treated cells, most ATAC-seq peaks are located closer to the motif center than on the control cells. We next analyzed differential ATAC-data gathered by Denny et. al to examine whether Nfib 131 promotes metastasis via increasing chromatin accessibility. For this question, they examined two 132 human small cell lung carcinoma (SCLC) cell lines (H524 and NJH29), profiling by ATAC-seq before 133 and four hours after doxycycline treatment. Using the MD-score approach, we detect changes in TF 134 activity for multiple members of the NFI family (Figure 2A,B ). An increase in NFIA (two different 135 motifs) and NFIC was detected in both cell types (p-value < 10 −5 for H524s; p-value < 10 −10 for 136 NJH29s). As further confirmation of the NFI signal, we tested one of their mouse samples (KP22 cells) 137 and found an increase of NFIA (p-value < 10 −5 ), consistent with the human results. We next asked 138 whether our results were sensitive to the particular peaks utilized. To this end we sub-sampled peaks 139 from the NJH29 data and re-ran our analysis. Both NFIA and NFIC are detectable as significant (p-value 140 < 10 −10 ) even when using only half of the ATAC-seq peaks, suggesting the signal is reasonably robust. 141 We then sought to determine how the ∆MD-score approach compared to the BagFoot[36] at 142 identifying differential TF activity. BagFoot also identified NIFA and NIFC within the SCLC differential 143 ATAC-seq data [36] . However, they additionally claimed HNF6 as potentially altered in the SCLC 144 data. Importantly, Baek et. al. noted that the HNF6 result did not hold when their approach utilized 145 bias corrected data (based on naked DNA digested with Tn5). Given our MD-score approach does 146 not identify HNF6 as altered further supports the idea that this result reflects a data artifact rather 147 than a true biological phenomena. Interestingly, the MD-score approach and Bagfoot obtained nearly 148 identical results on a second differential ATAC-seq dataset. In this case, King and Klose[62] showed 149 BRG1, essential for pluripotency-related chromatin modifications, is required to make chromatin 150 accessible at OCT4 target sites. To this end they treated ZHBTC4 mouse embryonic stem cells (ESCs) 151 with tamoxifen for 72 hours to block BRG1 expression. When compared to the unperturbed mouse ESC 152 control, we observed lowered MD-scores for SOX2, PO5F1 (Oct4) and NANOG in the BRG1-blocked 153 cells (p-value < 10 −13 ; Figure 3A) , directly confirming the BagFoot findings. , MD-score and the number of motifs within 1.5kb of an ATAC-seq peak before and after stimulation with Tamoxifen[62] for the inhibited TF POU5F1, also known as OCT4. We observe that the decreased MD-score reflects not only a smaller number of peaks nearby this motif, but also a sharp decrease in co-localization with the motif. Bottom: For all motif models (each dot), the change in MD-score following perturbation (y-axis) relative to the number of motifs within 1.5kb of any ATAC-seq peak center (x-axis). Red points indicate significantly increased MD-scores (p-value < 10 −13 ). Purple dots indicate significantly decreased MD-scores, at the same indicated p-value. (b) Equivalent analysis performed on endometrial stromal cells, before and after undergoing a decidualization process[63]. The motif displacement heatmap illustrates ATAC-seq peak distances to CEBPA, the TF expected to be upregulated.
Finally, we also examined a differential ATAC-seq data obtained for decidualized and 
